Rock stability has long been a hot topic during underground energy exploitation, but the failure process of rock materials under earthquake effects is extremely complicated, and the failure mechanism still remains unclear. In order to investigate the fatigue damage and failure behavior of rocks under aftershock effects considering the post-mainshock damage states, a series of laboratory tests were conducted on marble specimens subjected to stepwise cyclic loading. Four levels of peak stress (i.e., 10, 30, 50, and 70 MPa) were applied in the first cycle, to simulate mainshock damage.
Introduction
Rock materials, as a common construction element due to excellent mechanical properties and convenient in situ collection, have been extensively applied in many underground engineering applications, such as hydropower station, oil gas storage, deep-lying tunnel, and underground goaf [1] [2] [3] [4] [5] . During the construction and operation process, due to high in situ stress, weak structural planes, and other uncontrollable geological conditions, many underground rock structures subjected to external disturbance often suffer from rock burst, spalling, high-stress collapse, and larger deformation [6] [7] [8] [9] [10] . In particular, the underground rock pillar embedded in rock mass after excavation often suffers various cyclic loads caused by earthquake vibrations, mechanical excavation, volcanic action, blasting, drilling, etc. [11] [12] [13] [14] [15] [16] [17] , as shown in Figure 1 . Hence, it is highly worthwhile to investigate the fatigue damage and failure mechanism of rock materials under cyclic loads for the design and construction of engineering projects. In the last ten years, the fatigue damage and failure characteristics of rock materials subjected to cyclic loading have become the research focus of scholars. Xiao et al. [18] analyzed and discussed the advantages and disadvantages of six commonly used methods for defining damage variables based on the test data of granite under cyclic loading. The variations of elastic moduli measured during increasing amplitude cyclic stressing experiments on dry and water-saturated samples of Etna basalt were used by Heap et al. [16] to interpret volcano-tectonic seismicity and deformation at Mt. Etna volcano. Fan et al. [19] conducted comparisons between conventional fatigue tests and interval fatigue tests on the fatigue activity of rock salt. Liu et al. [20] developed a damage constitutive model based on energy dissipation to describe the behavior of rocks under cyclic loading. The mechanical behavior of intermittent jointed rocks under random cyclic compression with different loading parameters was investigated by Liu et al. [15] , revealing the mechanical response of synthetic jointed rocks to the seismic loading. Jia et al. [21] and Peng et al. [22] carried out a series of triaxial cyclic compression tests, in order to characterize the deformation behavior under different confining pressures. In terms of nondestructive testing, Meng et al. [23] explored AE characteristics of rock materials during the deformation and failure process under periodic loads, and the relationships among stress, strain, AE activity, accumulated AE activity, and duration under 36 loading and unloading rates were established. Meanwhile, Jia et al. [24] used the code-wave interferometry method to evaluate the variation of the ultrasonic wave velocity and found fluctuations of wave velocity during the cyclic loading corresponding with loading stress change. These previous studies have greatly improved our understanding of the failure mechanism of rock materials under cyclic loads. Nevertheless, for deep rock structures, the failure process is extremely complex, and the disaster mechanism has not been clearly studied.
Due to frequent earthquakes in the world, underground engineering structures are likely to be subjected to cyclic loading, resulting from earthquakes, during their service lives. A number of aftershocks are often triggered by the main earthquake in a short time, which can cause additional damage to mainshock-damaged rock structures [25] [26] [27] . It was reported that the 8.0-magnitude earthquake in Wenchuan on 12 May 2008 triggered 104 aftershocks of more than magnitude 4.0 within 72 h [28] . Aftershocks can further aggravate the structural damage caused by the mainshocks and result in more loss of property and life, especially for structures already severely damaged. Unfortunately, previous researches on aftershocks mainly focused on wood structure, steel structure, masonry structure, and concrete [29] [30] [31] , and rarely considered the impact of aftershocks on the mainshock damaged rock structure.
In this study, a series of axial cyclic-loading tests with different peak stresses in the first cycle were carried out on marble rocks, to investigate the fatigue damage and failure behavior of the post-mainshock damaged rocks under aftershock effects, which helps to further understand the damage pattern of underground rock structures during seismic sequences.
Experimental Materials and Procedures

Sample Preparation
White marble selected as the testing material was collected from metal mine at -100 m in Yunnan province, China. According to the standard of the International Society for Rock Mechanics and Rock Engineering (ISRM) [32] , all cylindrical specimens with 50 mm in diameter and 100 mm in length were obtained from an intact rock block. Particular attention was paid to the parallelism of the both ends of specimens, and the surface flatness error on both ends was controlled within 0.02 mm. The mineral composition and micro-structure of the marble were determined by a polarized optical microscope, as shown in Figure 2 . The marble is classified as semidiomorphic-idiomorphic crystal dolomite, with irregular granular and blocky mosaic structure. It is primarily comprised of dolomite, a carbonaceous substance, and opaque minerals, and their content and grain size are listed in Table 1 . 
Experimental Apparatus
All tests were conducted on MTS815 servo-controlled material testing system (developed by MTS Systems Corporation) in the Advanced Research Center at Central South University, as shown in Figure 3 . The maximum loading capacity of the test machine was 4600 kN. The servo sensitivity, strain loading rate, and the minimum sampling interval of the MTS 815 system were 290 Hz, 10 −7 -10 −2 /s, and 50 µs, respectively. Axial and circumferential extensometers fixed on rock specimens were used to monitor real-time axial and transverse deformation, respectively. The MTS ultrasonic velocity system, including specially designed platens, transducers, cabling, and feedthroughs, was applied to measure longitudinal ultrasonic velocity (or P-wave) in the axial direction of the tested sample. A couple of transducers were placed on opposite ends, lengthwise, of the specimen. The center frequency of the transducer for P-wave was 1000 kHz. Additionally, an acoustic emission (AE) acquisition system produced by the Physical Acoustics Corporation (PAC) was employed to acquire the AE activity information in real time. Two AE Nano30 sensors with a frequency between 125 Hz and 750 kHz were attached on the rock surface. The preamplifier (PAC 2/4/6) was set to 40 dB to avoid potential noise interference from electronic devices. 
Testing Procedures
Four groups stress paths were designed for tests. For each group, the peak stress in the first cycle is at different levels of intensity, which are used to define the initial damage states caused by mainshocks. The amplitude of initial cycle (F 0 ) is 10, 30, 50, and 70 MPa, respectively. The following stepwise cyclic loading processes represent aftershocks, the peak stress increases with a constant increment of 10 MPa until the specimen fails, as shown in Figure 4 . Both loading and unloading rates were 0.002 mm/s. In order to reduce the discretization of test results, five specimens were prepared for each group test. In addition, ultrasonic P-wave velocity (UPV) in the axial direction of specimens was monitored at each stress unloading point. 
Experimental Results and Discussion
Deformation Behavior
The stress-strain relationship is an important index to characterize the physical and mechanical properties of rock materials, which not only helps establish the constitutive relationship, but can also determine the basic evaluation parameters for rock engineering stability [15, [33] [34] [35] [36] . The complete stress-strain curves of tested samples in different loading schemes are depicted in Figure 5a . It can be seen that the stress-strain curves of rock specimens for different stress paths have consistent variation trends. The loading curve does not overlap with the unloading curve and the reloading curve, resulting in a plastic hysteresis loop due to the irreversible strain. Figure 5b ,c respectively show the variation of plastic hysteresis loop area under the same unloading stress with different initial cycle amplitude, taking the unloading stress levels of 70 and 110 MPa as examples. It suggests that, with the increase of initial cycle amplitude, the area of plastic hysteresis loop varies with the same unloading stress level. That is to say, that the higher the initial cycle amplitude, the larger the hysteresis loop area.
The evolution curves between the volumetric strain and axial stress in different loading schemes are displayed in Figure 6 . It can be observed that the four stress paths exhibited the similar change trend on the whole. The difference is that the degree of volume deformation varies under the same unloading level due to the damage of initial cycle amplitude. As the stress level gradually increases, the hysteresis curves gradually become wider and the width of the curves increases, so that the curves are distributed sparsely. Furthermore, the slope between the peak and the lowest point gradually increases, and even transits from positive to negative when approaching failure, especially for high initial cyclic amplitude (e.g., 50 and 70 MPa). This demonstrates that the development of the volumetric strain gradually changes from compaction to expansion. As can be observed, the rock volumetric strain curve under the lower initial cyclic amplitude is relatively dense in most cycles. In contrast, a sparse curve appears more rapidly under the higher initial cyclic amplitude. The curve of the final stress level demonstrates that the samples gradually transit from the compaction stage to the expansion state, especially under the condition of high initial cyclic amplitude, meaning that the increase of the initial cyclic amplitude intensifies the lateral strain of the rock, resulting in lateral dilation. This phenomenon is considered by Renani and Martin [37] to be the loss of rock cohesion. Figure 7 shows the stress-strain curves from the unloading lowest point in the last cycle to the ultimate instability failure. Compared with the uniaxial compression test, each loading curve presents different slopes. It can be found that the slope of the lower initial cyclic amplitude (e.g., 10 and 30 MPa) is larger than that of uniaxial compression, whereas the slope of the higher initial cyclic amplitude (e.g., 50 and 70 MPa) is lower than that of uniaxial compression. It can be seen from Figure 7b that the peak strength of specimens increases under the low amplitude of initial cycle (e.g., 10 and 30 MPa), while the bearing capacity decreases under the high amplitude of initial cycle (e.g., 50 and 70 MPa). Generally, the stress threshold of rock crack initiation (σ ci ) is considered to be approximately 30-50% of peak uniaxial load [38, 39] . Therefore, the above phenomenon can be explained as follows: The high initial cyclic amplitude, exceeding the crack initiation threshold, causes irreversible deformation to the internal structure of rock specimens. The following cyclic loading and unloading process further aggravates the friction between the rock particles in the fractured parts and results in greater damage. Conversely, the low initial cycle amplitude makes the natural existing voids closure and compaction, raising the threshold of crack initiation. That is to say, in this study, the amplitude of initial cycle lower than the threshold of initiation damage strengthens the carrying capacity, and weakens it on the contrary. 
Energy Evolution
Previous studies suggest that the deformation and failure of rock materials are always accompanied by energy dissipation [40, 41] , which reflects that the irreversible damage inside the rock specimen occurs under external load, so the damage is closely related to the energy dissipation [20] . The area enclosed by the hysteresis loop presents the energy consumption (U d ) in one loading-unloading cycle, as shown in Figure 8 . The dissipated energy of specimens under the same unloading stress with different initial cycle amplitude is shown in Figure 9 . With the increase of cyclic number, the energy dissipation presents an exponential growth trend. The difference is that, under the same unloading stress, the higher the initial cycle amplitude, the greater the energy releases, especially the initial cycle amplitude higher than the threshold of crack initiation. More important, the last cycle before failure is more affected by the high amplitude of initial cycle and releases more energy. Therefore, it can be inferred that, under the same unloading stress level, the deterioration of rock induced by external load is mainly dominated by the amplitude of initial cycle, and the irreversible deformation of the rock caused by the amplitude of initial cycle beyond the threshold of crack initiation is more serious. 
P-Wave Velocity
Ultrasonic P-wave velocity (UPV) technique is an effective nondestructive testing method to evaluate the inner damage state of rock [42] [43] [44] . Previous studies suggested that the variation of wave velocity depends on the damage extent of rocks [45, 46] . In this paper, the P-wave velocity in the axial direction was monitored at the peak stress in each cycle. The variations of P-wave velocities at each stress-unloading point in each cycle are illustrated in Figure 10a .
The variation of P-wave velocity for each loading path shows a downward parabola trend. In other words, the P-wave velocity changes during the whole loading process can be divided into three phases, i.e., it increases rapidly first, then increases slowly or remains unchanged, and finally decreases rapidly. Combining the mechanical properties and ultrasonic-wave data, it can be found that the above change of the P-wave velocity during cyclic loading can be explained by the typical three phases of damage evolution. In the UPV rise phase (I), the applied load enables the pre-existing voids to close, which causes the volume of tested samples to shrink and UPVs to increase. In the crack initiation phase (II), new micro-cracks gradually generate, and UPVs stop growing or fluctuate slightly. Then, from the middle moment of the second phase, P-wave velocity decreases slowly due to the formation of micro-cracks. Finally, at the beginning of the last phase (III), a rapid decrease of UPV is observed, which is mainly related to accelerated deformation and surface macro-crack formation.
Notably, UPVs of tested samples undergoing different loads of initial cycle show obvious differences under the same unloading stress, especially at higher initial cycle stress beyond the threshold of crack initiation. According to previous studies [18] , the damage variable was defined with P-wave velocity as D = 1 − V 2 T /V 2 0 , where V 2 T and V 2 0 are the testing velocity of damaged material after loading and the origin wave velocity of undamaged material, respectively. The damage evolution curve of the P-wave velocity shown in Figure 10b can further prove the above conclusions. In particular, UPVs with the 70 MPa amplitude of initial cycle are significantly lower than that of other amplitudes. These results imply that, with the increase of initial cycle amplitude, the plastic deformation of marble specimens gradually intensifies and UPVs decrease. 
AE Characteristics
Acoustic emission (AE) is defined as the elastic energy released from materials undergoing deformation, which is a useful method for the investigation of local damage in rocks [47, 48] . The micro-crack evolution of rocks was often characterized by AE ring counts (or ring-down counts) [34, [49] [50] [51] [52] . In this section, the ring counts evolution with stress is shown in Figure 11 . It can be found that AE activities occur in the entire cyclic loading-unloading process under different loading paths. However, with various peak stresses in the first cycle, rock samples with a similar structure exhibit significantly different AE activities under cyclic loading. For the low amplitude of initial cycle (e.g., 10 and 30 MPa), except for the last cycle, a small amount of acoustic emission is mainly released in the loading stage during the whole process. With the increase of initial cycle amplitude, the number of AE rings obviously increases. The high-stress amplitudes in the first cycle (e.g., 70 MPa) especially result in a large number of AE events, indicating that the higher amplitude of initial cycle causes more and more serious damage to rock specimens. The maximum value of AE ringing counts during each loading phase usually appears near the unloading point. There are two main reasons for this phenomenon. On the one hand, the pre-existing voids, defects, and micro-cracks in rocks are compacted, which is a common situation. On the other hand, the applied stress in the first cycle exceeds the threshold of crack initiation, and new micro-cracks emerge and release more AE events. In the following cyclic loading phase, the damage was further aggravated. At the final peak load, AE activities increase sharply to the maximum value, and then gradually disappear during the post-peak stage.
Damage variables defined based on the percentage of AE ringing counts [18] in the whole process at each loading stage are shown in Figure 11b . The damage evolution process of the tested specimen shows that serious damage mainly occurs in the beginning loading stage and the end stage, especially the initial damage caused by the various peak stresses in the first cycle is different. In the remaining cycle loading stage, constant slight damage is generated due to repeated loading, which means that aftershocks can cause certain damage to the post-mainshock damaged rocks and continue to accumulate. 
Failure Morphology
To explore the influence of initial cycle amplitude on the failure morphologies, the final failure patterns of tested samples were observed in Figure 12 . It can be found that the failure modes vary with different initial cycle amplitudes. When the initial stress equals to 10 MPa, there is a main tensile crack along the axial loading direction, indicating the failure of the specimen is characterized by the tension splitting. With the increase of initial cycle amplitude, the number of cracks on the rock surface gradually increases and forms an inclining angle with the loading direction, presenting a combination of tension failure crossing the rock matrix and shear sliding with local stress concentration. In particular, under the high amplitude of initial cycle (e.g., 50 and 70 MPa), the number of surface cracks is significantly more than that of other low amplitudes (e.g., 10 and 30 MPa), and shear sliding failure is more prone to occur. Meanwhile, this observation shows that the crushing zones mainly appear in the middle of the specimen, meaning that stress concentration area forms in the middle of the specimen. According to many researchers [53] [54] [55] [56] [57] , the relationship between RA value (RA = rise time/ amplitude) and average frequency (AF) (AF = counts/duration time) can be used to classify the tensile and shear crack. The tensile crack is considered to be an AE signal with higher AF and lower RA. On the contrary, the shear crack is a signal with lower AF and higher RA, as shown in Figure 13 . In this study, the relationship between the RA and AF values of marble specimens under different loading paths is shown in Figure 14 . It can be observed that, under the 10 MPa amplitude of initial cycle, the RA value is low and the AF value is fairly high. The clusters are mainly concentrated in the tensile region, which indicates that the tensile fracture dominates its failure. As the amplitude of initial cycle increases, the clusters gradually move toward the shear area. When the amplitude of initial cycle exceeds the threshold of crack initiation, both tensile crack and shear crack exist, that is, the failure patterns gradually change from tension failure mode to the mixture of tension and shear, which is consistent with the observed final failure state in Figure 12 . Additionally, fragments of different particle sizes were weighed by electronic scale, as listed in Table 2 . The fragment-size distribution by weight was statistically depicted in Figure 15 . The broken fragments were sieved by five sieves with different mesh sizes (i.e., 0.63, 1.25, 2.5, 5, and 10 mm). It can be found that, although large blocks are the majority, the mass of micro-sized fragments (<2.5 mm) increases with the increase of initial cycle amplitude, especially the particle size below 0.63 mm, which demonstrates that the higher the initial cycle amplitude, the greater the damage degree inside the rock, and the more smaller fragments are produced.
The b-value, one of the most important AE parameters, originates from the frequency-magnitude distribution data by means of Gutenberg-Richter relationship [59] [60] [61] [62] [63] and represents the micro fracture size when the material is damaged. The larger the b-value is, the smaller the fracture size is. In this work, consecutive sliding windows of 100 AE events in each loading stage were used to calculate the b-value. Figure 16 shows the curve of b-value and stress over time. For four loading paths, the overall variations of b-value show a trend of "firstly increasing, remaining unchanged or fluctuating in the middle and finally decreasing", which is consistent with three typical processes of pore compaction in the early stage, elastic compression in the middle stage, and damage fracture in the later stage. It can be seen that, under the same unloading stress, the higher the initial cycle amplitude, the lower the b-value; the first loading and approaching failure are the most obvious, which is a good explanation for the fragment-size distribution by weight after rock fracture in Figure 15 . 
Conclusions
In this paper, a series of uniaxial cyclic compression tests with different peak stresses in the first cycle were carried out on marble rocks. The fatigue damage evolution and failure mechanism of the post-mainshock damaged rocks under aftershock effects were investigated. The following conclusions are drawn:
1.
Owing to the increase of initial cycle amplitude, the irreversible deformation and dissipated energy increased. The bearing capacity increases under the low amplitude of initial cycle (e.g., 10 and 30 MPa) below the threshold of crack initiation, whereas it decreases under the high amplitude of initial cycle (e.g., 50 and 70 MPa).
2.
The variation of P-wave velocity shows a downward parabola trend for each loading scheme. The damage evolution of P-wave velocity shows that various initial cyclic amplitudes make it have different damage responses. UPVs with the higher initial cycle amplitude (e.g., 50 and 70 MPa) are significantly lower than that of other initial amplitudes.
3.
With various peak stresses in the first cycle, the tested samples exhibit significantly different AE activities under cyclic loading. A small amount of acoustic emission is mainly released in the loading stage under the low amplitude of initial cycle (e.g., 10 and 30 MPa). Increasing the amplitude of initial cycle (e.g., 50 and 70 MPa) significantly intensifies the number of AE ring counts, indicating that the higher amplitude of initial cycle causes more and more serious damage.
4.
The final failure morphologies of specimens were obviously affected by the initial cyclic amplitude.
With the increase of initial cycle amplitude, the number of cracks on the rock surface gradually increases. The failure patterns gradually change from tension failure to the mixture of tension and shear, which was verified by the crack identification method of acoustic emission AF-RA value.
5.
The final macro-fracture scales of tested marble were obviously intensified with the increase of initial cyclic amplitude, which was verified by the fragment size distribution and AE b-value. 
